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Abstract — Sufficient conditions required to achieve the 
interference-free capacity region of ergodic fading A"-user 
interference channels (IFCs) are obtained. In particular, this 
capacity region is shown to be achieved when every receiver de- 
codes all A" transmitted messages such that the channel statistics 
and the waterfilling power policies for all K (interference-free) 
links satisfy a set of K(K — 1) ergodic very strong conditions. 
The result is also of independent interest in combinatorics. 

I. Introduction 

The A'-user interference channel (IFC) is a network with 
AT transmitter-receiver pairs (also referred to as users or 
links) in which each transmitter transmits to its intended 
receiver while creating interference at one or more of the 
unintended receivers. In general, the problem of determining 
the capacity region of a AT-user IFC remains open. Capacity 
regions are known for the two-user strong IFC [1], [2] and 
the very strong IFC [3], and in both cases the capacity region 
is achieved when both receivers decode both the intended 
and interfering signals, i.e., the IFC reduces to a compound 
MAC (C-MAC) [4]. The very strong IFC is a sub-class of 
the class of strong IFCs for which the sum-capacity and 
the capacity region are determined by the interference-free 
bottleneck links from the two transmitters to their intended 
receivers. On the other hand, only the sum-capacity is known 
for a class of weak one-sided non-fading two-user IFCs [5] 
and is achieved by ignoring interference (i.e., treating it as 
noise). More recently, for the two-sided model, the sum- 
capacity of a class of noisy or very weak Gaussian IFCs 
is determined independently in [6], [7], and [8] and these 
results have been extended for K > 2 in [8] and [9]. 

Ergodic fading and parallel Gaussian IFCs model the 
fading properties of wireless networks. In this paper, we 
focus on AT-user ergodic fading Gaussian IFCs and seek to 
determine a set of conditions for which the sum-capacity 
of AT interference-free links can be achieved. Recently, in 
[10] which develops sum-capacity and separability results 
for two-user ergodic fading Gaussian IFCs, an ergodic very 
strong (EVS) sub-class has been identified as a collection of 
ergodic fading Gaussian IFCs with a weighted mixture of 
weak and strong sub-channels (fading states) for which the 
sum of the interference-free capacities of the two user links 
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can be achieved. Two-user parallel Gaussian IFCs have also 
been studied in [11], [12] and [13]. For fading IFCs with 
three or more users, [14] presents an interference alignment 
scheme to show that the sum-capacity of a A'-user IFC 
scales linearly with K in the high signal-to-noise ratio (SNR) 
regime when all links in the network have similar channel 
statistics. 

The sum-capacity and capacity region of two-user EVS 
IFCs are achieved when each user ttansmits to its intended 
receiver as if there were two independent interference-free 
links. The sum-capacity optimal power policies are thus 
the classic point-to-point waterfilling solutions developed 
in [15]. While the sum-rate achieved thus is always an 
outer bound on the sum-capacity of IFCs, in [10] it is 
shown that this outer bound can be achieved when both 
receivers decode both messages, i.e., the IFC converts to a C- 
MAC, provided the sum of the interference-free capacities of 
each link is strictly smaller than the multiaccess sum-rates 
achieved at each receiver. These sufficient conditions does 
not impose sttong or weak conditions on any sub-channel and 
only involve fading averaged conditions on the waterfilling 
policies. 

For two-user IFCs, the above-mentioned sufficient con- 
ditions are obtained simply by enumerating all possible 
intersections of the two MAC pentagons and identifying the 
intersection satisfying the EVS definition. They can also be 
obtained using the fact that the multiaccess rate region at 
each receiver is a polymatroid [16], and therefore, a single 
known lemma on the sum-rate of two intersecting polyma- 
troids [17, chap. 46] readily yields a closed-form expression 
for each possible intersection of the two MAC regions. 
However, for intersections of three or more polymanoids 
no such lemma exists that can simplify the sum-capacity 
analysis of C-MACs with K transmitters and K receivers. 
This in turn makes it difficult to identify a set of sufficient 
conditions for EVS IFCs when every receiver is allowed to 
decode the message from every transmitter. 

In this paper, we determine a set of sufficient conditions 
for which the sum-capacity is the sum of the capacities 
of K interference-free links when all receivers are allowed 
to decode the messages from all transmitters. This in turn 
corresponds to determining the conditions for which the in- 
tersection of K rate polymatroids results in a AT-dimensional 
box (hyper-cube) that is uniquely defined by the interference- 
free point-to-point rates of the K links. We show that 
the number of sufficient conditions for EVS IFCs grows 
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Fig. 1. A A"-user ergodic fading interference channel. 



quadratic ally in K. As a special case, for two-user IFCs, we 
show that these conditions are both necessary and sufficient. 

Recently, in [18], the authors present sufficient conditions 
for which a if -user symmetric non-fading IFC achieves the 
sum-capacity of K interference-free links. The conditions 
are developed using lattice codes which enables complete 
decoding of the interference but not the message from every 
interfering transmitter. Using the fact that the non-fading 
IFC is a special case of an EVS IFC, we compare our 
results to those in [18] and show that decoding messages 
from all users is best used in the low power regime or 
when the symmetric cross-links are relatively closer to unity 
while lattice codes are advantageous otherwise. Finally, we 
note that the results developed here are also of independent 
interest in combinatorics. 

The paper is organized as follows. We present channel 
model and preliminaries in Section [II] The main result and 
the proof are developed in Section [III] We discuss the results 
and present numerical examples in Section [TV] We conclude 
in Section [V] 

II. Channel Model 

A if -user (or if-link) ergodic fading Gaussian IFC con- 
sists of K transmitter-receiver pairs, each link pair indexed 
by k, k G K = {1, 2, . . . , K}, as shown in Fig.Q] Transmitter 
k uses the channel n times to transmit its message W k , 
which is distributed uniformly in the set {1, 2, . . . , 2 Bk } and 
is independent of the messages from the other transmitters, 
to its intended receiver k, at a rate R k = B k /n bits 
per channel use. In each use of the channel, transmitter k 
transmits the signal X k while receiver k receives Y k , k G JC. 
For X = [X\ X2 ■ ■ ■ Xk] T , the channel output vector 
in a single channel use is given by 

Y = HX + Z (1) 

T 



Y = [Y 1 Y 2 ... Y K \ 



where Z = \Z\ Z2 ... ZkY is a noise vector with en 
tries that are zero-mean, unit variance, circularly symmetric 
complex Gaussian noise variables and H is a random matrix 
of fading gains with entries H mtk , for all m,k G JC, such 
that H m<k denotes the fading gain between receiver m and 



transmitter k. We use h to denote a realization of H. We 
assume the fading process {H} is stationary and ergodic 
but not necessarily Gaussian. Note that the channel gains 
H m ,k, for all m and k, are not assumed to be independent; 
however, H is assumed to be known instantaneously at all 
the transmitters and receivers. 

Over n uses of the channel, the transmit sequences {X kt {\ 
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I 2 < nP k , for k G K. 



(2) 



Since the transmitters know the fading states of the links on 
which they transmit, they can allocate their transmitted signal 
power according to the channel state information. A power 
policy P(h) with entries Pfc(h) for k G JC is a mapping 
from the fading state space consisting of the set of all fading 
states (instantiations) h to the set of non-negative real values 
in 7£+ . We write P(H) to describe explicitly the policy for 
the entire set of random fading states. For an ergodic fading 
channel, (O then simplifies to 



\[P k {H)]<P k forfce/C, 



(3) 



where the expectation in ® is taken over the distribution of 
H. 

For the special case in which all receivers decode the 
messages from all transmitters, we obtain a compound MAC. 
We write Cifc (E) and Cc-mac CE) to denote the capacity 
regions of an ergodic fading IFC and C-MAC, respectively, 
where £ is a vector whose entries are the average power 
constraints P^, for k G 1C. Our definitions of average 
error probabilities, capacity regions, and achievable rate pairs 
(Ri, R 2 , . . . , Rk) for both the IFC and C-MAC mirror the 
standard information-theoretic definitions [19, Chap. 14]. 

Throughout the sequel, we use the terms fading states and 
sub-channels interchangeably. C(x) denotes log(l+x) where 
the logarithm is to the base 2 and R$ denotes J2kes^ k f° r 
any S C JC. We assume that the reader is familiar with sub- 
modular functions and polymatroids (see, for example, [17]). 

III. Achieving the Interference-free Capacity 
Region 

The following theorem summarizes the main result of this 
paper. 

Theorem 1: A if-user ergodic fading IFC achieves the 
interference-free capacity region of K independent links if 
the waterfilling solutions Pi" {Hj-k ) for the (interference- 
free) ergodic fading point-to-point links between transmitters 
k and receivers k, k = 1, 2, . . . , K, satisfy 



E 



C (\H ktk \ 2 (Hu))] <CU} m (lC) 

- Ciil (A W) . for all j, keK,j^ k, (4) 



where for any A C tC 

C« m (.4) = E C ( \H j>m f PiT f) (H kk ) ] . (5 ) 

\rneA / 

The capacity region of the resulting ergodic very strong IFC 
is 
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EVS 
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{(Rx, i?2, • • • j -Rrt ) : 



P fe < E 



C 



(H k , k ))] ,keic} (6) 



and the sum-capacity is 



K 

E 

k=l 



E C 



(7) 



Remark 2: The conditions in (0]l involve averaging over 
all channel states and do not require every sub-channel to 
be strong. As with the two-user ergodic fading IFCs, the 
capacity achieving scheme for if -user EVS IFCs requires 
coding jointly across all sub-channels. For K = 2, (EQ 
simplifies to the EVS conditions in [10, Theorem 2]. The 
conditions for a if -user non-fading very strong IFC are 
simply a special case of obtained for a constant H. 

Remark 3: The conditions in are equivalent to the 
requirements that the rate achieved by each transmitter in the 
presence of interference from all other users at each of the 
unintended receivers is at least as large as the interference- 
free rate achieved at its intended receiver. 

Corollary 4: For a class of symmetric non-fading IFCs 
with H^k = 1, Hj t k — a for all j, k 6 JC, j ' ^ k, and 
Pk = P, © reduces to the condition 

p< .. t:\ 5 (8) 



or equivalently 



a 2 > 



1 + (if - 2) a 2 



l + P 
1 - (if -2)P' 



(9) 



Thus, for any a > and if > 2, P < 1; furthermore, for 
large if, P scales inversely with if. Conversely, for large 
if, a 2 scales linearly with K. 

Remark 5: A very strong condition for if -user symmetric 
IFCs is presented in [18, eqn. (5)] which requires that a 2 
grow exponentially with K when each receiver decodes 
all the unintended messages before decoding its intended 
message. It is unclear whether the condition in [18, eqn. 
(5)] ensures that the intersection of the MAC polymatroids, 
one at each receiver, is a box. In contrast, the condition in 
(O only grows linearly in K and ensures a box intersection. 

Remark 6: [18] also presents a sufficient condition us- 
ing lattice codes for interference-free communications in 
symmetric if -user IFCs as a 2 > (P + l) / P which is 
independent of the number of users. 

Proof: Outer Bound: An outer bound on the sum- 
capacity of an IFC results from eliminating interference at all 
the receivers thereby reducing it to K interference-free point- 
to-point links. From [15, Appendix], the capacity achieving 
policy for each link requires each transmitter to waterfill over 



its fading link to its receiver, and thus, we have that any 
achievable rate tuple {R\, R2, ■ ■ ■ , Rk) must satisfy 
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H k ,k\ 2 P? f (H k ,k 



(10) 



Inner Bound: Consider the achievable scheme in which 
every receiver decodes all the interfering signals, i.e., the 
IFC is converted to a C-MAC. Assuming every transmitter 
encodes its message across all sub-channels and every re- 
ceiver jointly decodes all messages across all sub-channels, 
the Gaussian MAC rate region achieved at receiver k when 



the power policy at transmitter m is P, 
is given by [10, Theorem 1] 



(«>/) 



, for all k, m G JC 



h (P (wf) ) = {(Pi, R2, ...,R K ):Rs< fk (S) , 

forallSC/C} (11) 

where 

fk (S) =E[C (£ roeS \H k , m \ 2 PZ f (Hm,mj)} ■ (12) 

It can be easily verified that the functions /jt (S), for all 
k, are sub-modular functions and the MAC rate regions 
R-k (^p} w ^^j are polymatroids (see for e.g., [20]). For any 
S, A C K such that S n A = 0, we write / fe * (5|^4) as 



fk (S\A) = E 



C 



2~2mES \^kfn\ P^J (H m ,m) 
1 2~I/7nEA \Rk,7n\ Pvri (Pm.m) 



(13) 

i.e., ff*. (<S|^4) is the rate achieved by the users in S at receiver 
k in the presence of interference from the users in a disjoint 
set A. 

We now show that when (0]i is satisfied the intersection 
of P fc (p (lu/) ) for all k is a if -dimensional hyper-cube. To 
this end, for ease of analysis, we first write in terms of 

fk ({*}) < /; (K) - /; (A W) . for all j, he)C,j^k. 

(14) 

Thus, given (fT4] i. we now prove that 

E /£ ({*}) < /? (S) , for all j and SC/C, (15) 



kes 

Without loss of generality, let j 
have 



1 and S = JC. Thus, we 



E /* («) = f* («) + /a ({2}) + • • • + fie ({K}) 



k£lC 



(16a) 

</r({i})+/r({i,2})-/r({i» d6b) 

+ / 1 *({l,2,3})-/r({l,2}) + ... 

+ /i (£)-/* (AW) (!6c) 

= n (A d6d) 



where ( 116bl i follows from ( Tl4] i and the fact that for any 
5cK such that k S, using chain rule for mutual 



information, we have 

f*(JC)-f*(JC\{k}) 

= /; (su {k}) + /; (k\ (s u {fc» |5 u {k}) 

- /i (5) - // (£\ (5 U {k}) \S) (17) 

</;(5u {*!»-/; (5) (is) 

where ([TBI follows from the fact that due to additional 
interference from user k, the second term to the right of 
the equality in ( fTTT i is smaller than the fourth term where all 
terms in ( fTvT > can be expanded using (13[ . 

Following steps similar to ( TToT l. one can show that 

EfcGs/fe (W) ^ A* ( 5 ) for a11 5 C /C. Furthermore, the 
same steps can also be used to show that (TT3T > holds for all 
j e IC. Let R* k = f* ({fc}) for all k. Thus, from (Q3) and 
(fTTT i. we have that 

(^,i?|,...,^)G^(p (w/) ), forallje/C, (19) 

^(Rt,R* 2 ,..., R* K ) e nf =1 ^- . (20) 

Since the intersection of orthogonal rate planes i?£ yields 
a box (a hyper-cube), the C-MAC sum-capacity when (O 
holds is given by (|7). Combining this achievable sum-rate 
with the outer bounds in ([Tol l, we have that © is also the 
sum-capacity of an EVS IFC for which the channel statistics 
and optimal power policy satisfy Finally, since the sum- 
capacity also achieves the interference-free capacity of each 
user, the capacity region of EVS IFCs is given by ©. ■ 

IV. Discussion 

Theorem [T] summarizes a set of sufficient conditions for 
which the interference-free capacity of K transmit-receive 
pairs can be achieved when every receiver decodes the 
messages from all transmitters, an achievable scheme we 
henceforth refer to as the C-MAC scheme. In this section, we 
present numerical examples of fading and non-fading IFCs 
and the feasible power and channel gains regime for which 
the EVS IFC conditions in (0]i are satisified. 

We first consider a three-user ergodic fading IFC with 
non-fading unit-gain direct links and cross-links that are 
independent and identically distributed Rayleigh faded links, 
Le., H^k ~ CAf(0,a 2 ) for all j / k,j,k £ {1,2,3}, and 
Pk = P for all k. The resulting channel is a mix of weak and 
strong sub-channels for which each user transmits at P in 
every sub-channel if the EVS conditions in ® are satisfied. 
The feasible P vs. a 2 region and the maximum P (<t 2 ) for 
which (O holds in plotted in Fig. |2fa). In Fig. |2jb), the 
EVS sum-capacity when each user transmits at the maximum 
P (er 2 ) is plotted as a function of the fading variance a 2 . For 
this P (c 2 ), also plotted in Fig.|2jb) is the sum-rate achieved 
by ergodic interference alignment in which knowledge of 
the channel states is used by the transmitters to enable the 
cancellation of interference at all receivers simultaneously 
[21]. As shown in both subplots, as the variance of the cross- 
links increases, thereby increasing the probability of strong 



fading states, the largest P, and hence the sum-capacity, for 
which the EVS sum-capacity is achievable also increases. 

Next we consider a non-fading three-user symmetric IFC 
with unit gains on the intended links, a real positive channel 
gain a on the cross-links, and = P, for k = 1,2,3. In 
Fig- EI a X as a function of a 2 , we plot the maximum feasible 
P in © for which a very strong IFC results using a C- 
MAC achievable scheme. As observed in Corollary [4] we 
require P < 1. Also included are plots of the upper P u and 
lower Pi bounds on the feasible power with lattice codes 
for which a very strong IFC results. Thus, as a 2 increases, 
decoding the interference using lattice codes allows a larger 
class of three-user symmetric IFCs to be be considered very 
strong relative to decoding the message from every user. On 
the other hand, only the C-MAC scheme achieves the VS 
condition for a 2 < 4, i.e., the C-MAC achievable scheme is 
more appropriate in the low-power regime in achieving the 
sum-capacity of K interference free point-to-point links. 

A set of sufficient EVS conditions given by (01 in Theorem 
Q] prompt the question of whether these conditions are also 
necessary, i.e., whether the intersection of K polymatroids 
would cease to be a box if one or more conditions were 
violated. We now present a three-user example that shows 
that when all six conditions in (@]l for K = 3 are not satisfied, 
the intersection of the K MAC polymatroids is a box, i.e, the 
if-user interference-free sum capacity can still be achieved. 

Consider a three-user non-fading IFC with Hk : k = 1 and 
Pk = 1 for all k. Thus, if the intersection of the MAC rate 
regions at the receivers results in a box, each user transmits 
at Pk in every use of the channel. The cross-link gains Hjk 
for all j, k, j ^ fe, are such that 

f*(S) = max(i) + 0.5|«S| (21) 

iG5 

where |«S| denotes the cardinality of the set S and ft (S) is 
obtained by evaluating the rate bounds at Pj. w ^ (-fffe.fe) = 
P k = 1 for all k. Thus, from (ED, A ({!}) = 1.5, 
h ({2}) - 2.5, /i ({3}) - 3.5, A ({1,2}) = 3, 
h ({1, 3}) = fx ({2, 3}) = 4, and f x ({1, 2, 3}) = 4.5. 

The bounds at the other two receivers are given by 
ft (S) - ft (vr (S)) and /| (S) = ft (it 2 (S)) where tt 
is a cyclic permutation of the indexes such that each index 
is decreased by 1 in a cyclic manner such that (1, 2, 3) map 
to (3, 1, 2) and tt 2 (S) is obtained by applying tt (S) twice. 
Thus, h ({2}) = h ({3}) = h ({1}) = I- 

For the three rate regions defined thus, one can verify that 
none of the six conditions in ( fl~4b is satisfied. Furthermore, 
from ( 1211 . we have that the bounds for every rate region 
satisfy f£ (S) > \S\. Consider the rate tuple (Ri,R 2 , R3) = 
(1,1,1). This tuple satisfies £ fce5 i? fe = |«S| < f*{S) 
for all S C K. and j = 1,2,3, i.e., (1,1,1) satisfies the 
rate constraints for each of the three MAC rate regions and 
therefore lies in their intersection, i.e., the intersection of the 
three rate regions is a box. 
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Fig. 2. EVS feasible power-variance region and sum-capacity. 
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Fig. 3. Bounds on feasible power vs. cross-link gains for C-MAC- and 
lattice codes-based achievable schemes. 



V. Concluding Remarks 

We have obtained sufficient conditions for achieving the 
interference-free sum-capacity and capacity region of a K- 
link ergodic fading IFC when all receivers are allowed to 
decode the messages from all transmitters. In particular, 
we have shown that an an EVS IFC results if the channel 
statistics and the interference-free capacity optimal water- 
filling policies for all links satisfy K (K — 1) conditions. 
For K = 2, we have shown that these conditions are both 
necessary and sufficient. Our result that a quadratic number 
of conditions suffice for the intersection of K polymatroids 
to form a box is also of independent interest in combinatorics 
where few results are known on intersection of three or 
more polymatroids. Finally, our results suggest that decoding 
interference using schemes such as lattice codes may impose 
less stringent conditions on the average power and channel 
statistics. 
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This is so because, for the considered example, while 
is not satisfied for all j and k, j ^ k, the conditions 
/* ({*}) < fj (S) - fj (S\ {k}) for all S C K, j < + k, 
are satisfied and suffice to achieve the interference-free 
sum-capacity. Thus, one can conclude that for the C-MAC 
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in Theorem Q] Note that only for K — 2 are the sufficient 
conditions in (HJi also necessary. 



[1] H. Sato, "The capacity of Gaussian interference channel under strong 
interference," IEEE Trans. Inform. Theory, vol. 27, no. 6, pp. 786-788, 
Nov. 1981. 

[2] T. S. Han and K. Kobayashi, "A new achievable rate region for the 
interference channel," IEEE Trans. Inform. Theory, vol. 27, no. 1, pp. 
49-60, Jan. 1981. 

[3] A. B. Carleial, "A case where interference does not reduce capacity," 

IEEE Trans. Inform. Theory, vol. 21, no. 5, pp. 569-570, Sept. 1975. 
[4] R. Ahlswede, "The capacity region of a channel with two senders and 

two receivers," Ann. Prob., vol. 2, pp. 805-814, Oct. 1974. 
[5] M. Costa, "On the Gaussian interference channel," IEEE Trans. 

Inform. Theory, vol. 31, no. 5, pp. 607-615, Sept. 1985. 
[6] X. Shang, G. Kramer, and B. Chen, "A new outer bound and the noisy 

interference sum-rate capacity for Gaussian interference channels," 

IEEE Trans. Inform. Theory, vol. 55, no. 2, pp. 689-699, Feb. 2009. 
[7] A. Motahari and A. Khandani, "Capacity bounds for the Gaussian 

interference channel," IEEE Trans. Inform. Theory, vol. 55, no. 2, pp. 

620-643, Feb. 2009. 



[8] S. Annapureddy and V. Veeravalli, "Gaussian interference networks: 
Sum capacity in the low interference regime and new outer bounds 
on the capacity region," Feb. 2008, submitted to IEEE Trans. Inform. 
Theory. 

[9] X. Shang, G. Kramer, and B. Chen, "New outer bounds on the capacity 
egion of Gaussian interference channels," in Proc. 2008 IEEE Intl. 
Symp. Inform. Theory, Toronto, Canada, July 2008. 

[10] L. Sankar, X. Shang, E. Erkip, and H. V. Poor, "Ergodic two- 
user interference channels: sum-capacity and separability," June 2009, 
arxiv.org e-print 0906.0744. 

[11] S. T. Chung and J. M. Cioffi, "The capacity region of frequency- 
selective Gaussian interference channels under strong interference," 
IEEE Trans. Commun., vol. 55, no. 9, pp. 1812-1820, Sept. 2007. 

[12] X. Shang, B. Chen, G. Kramer, and H. V. Poor, "Noisy-interference 
sum-rate capacity of parallel Gaussian interference channels," Feb. 
2009, arxiv.org e-print 0903.0595. 

[13] S. W. Choi and S. Chung, "On the separability of parallel Gaussian 
interference channels," in Proc. IEEE Int. Symp. Inform. Theory, Seoul, 
South Korea, June 2009. 

[14] V. R. Cadambe and S. A. Jafar, "Interference alignment and spatial 
degrees of freedom for the k user interference channel," IEEE Trans. 
Inform. Theory, vol. 54, no. 8, pp. 3425-3441, Aug. 2008. 

[15] A. Goldsmith and P. Varaiya, "Capacity of fading channels with 
channel side information," IEEE Trans. Inform. Theory, vol. 43, no. 6, 
pp. 1986-1992, Nov. 1997. 

[16] D. N. C. Tse and S. V. Hanly, "Multiaccess fading channels - part 
I: polymatroid structure, optimal resource allocation and throughput 
capacities," IEEE Trans. Inform. Theory, vol. 44, no. 7, pp. 2796-2815, 
Nov. 1998. 

[17] A. Schrijver, Combinatorial Optimization: Polyhedra and Efficiency. 

New York: Springer- Verlag, 2003. 
[18] S. Sridharan, A. Jafarian, S. Vishwanafh, and S. Jafar, "Capacity of 

symmetric k-user Gaussian very strong interference channels," in Proc. 

IEEE Globecom, New Orleans, LA, Nov. 2008. 
[19] T. M. Cover and J. A. Thomas, Elements of Information Theory. New 

York: Wiley, 1991. 
[20] L. Sankar, Y. Liang, N. B. Mandayam, and H. V. Poor, "Opportunistic 

communications in fading multi-access relay channels," Feb. 2009, 

arxiv.org e-print 0902.1220. 
[21] B. Nazer, M. Gastpar, S. Jafar, and S. Vishwanath, "Ergodic inter- 
ference alignment," in Proc. 2009 IEEE Int. Symp. Inform. Theory, 

Seoul, South Korea, June 2009. 



